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Recent exploration by the Cassini�Huygens mission has stimulated
a great deal of interest in Saturn’s moon, Titan. One of Titan’s most
captivating features is the thick organic haze layer surrounding the
moon, believed to be formed from photochemistry high in the
CH4�N2 atmosphere. It has been suggested that a similar haze layer
may have formed on the early Earth. Here we report laboratory
experiments that demonstrate the properties of haze likely to form
through photochemistry on Titan and early Earth. We have used a
deuterium lamp to initiate particle production in these simulated
atmospheres from UV photolysis. Using a unique analysis tech-
nique, the aerosol mass spectrometer, we have studied the chem-
ical composition, size, and shape of the particles produced as a
function of initial trace gas composition. Our results show that the
aerosols produced in the laboratory can serve as analogs for the
observed haze in Titan’s atmosphere. Experiments performed
under possible conditions for early Earth suggest a significant
optical depth of haze may have dominated the early Earth’s
atmosphere. Aerosol size measurements are presented, and impli-
cations for the haze layer properties are discussed. We estimate
that aerosol production on the early Earth may have been on the
order of 1014 g�year�1 and thus could have served as a primary
source of organic material to the surface.

planetary atmospheres � tholins � atmospheric aerosol � Archaen �
astrobiology

T itan has long been a subject of interest, because it provides
an excellent example of abiotic processing of organic mate-

rial. The irradiation of the CH4�N2 atmosphere with sunlight and
energetic electrons leads to the formation of aerosol particles,
which aggregate into fractal agglomerates and generate a thick
haze layer. Until the recent Cassini�Huygens mission, this haze
layer obscured the moon’s surface (1). Specific mechanisms for
particle formation are not known, but they have been a major
focus of attempts to understand the chemistry in Titan’s atmo-
sphere. Observed gaseous constituents such as C2H2, C2H4,
C2H6, C4H2, C6H6, and HCN provide evidence of the active
pathways toward aerosol formation (2–4). Results from the
Huygens Probe show the presence of HCN and NH3 within the
particles but have not yet provided information on the overall
chemical structure (5). Characterization of the chemical makeup
of laboratory analogs, formed mostly as films produced in
discharges, indicate that the haze aerosols are likely comprised
of high-molecular-weight organic species including aromatic and
aliphatic structures with some evidence of CON bonding such as
amines, imines, and nitriles (6–11).

Yung et al. (12) estimated that although the N-chemistry
observed in the aerosols derives from energetic electrons in
Saturn’s magnetosphere, the majority of the organic constituents
observed in Titan’s atmosphere can be accounted for by pho-
tolysis. Other work studying production pathways concluded that
polycyclic aromatic hydrocarbons formed through photochem-
istry were the primary contributors to the aerosol mass (13).

Despite these positive modeling results, there have been no
laboratory studies to directly measure the properties of aerosols
expected from UV irradiation of CH4 in a simulated Titan
atmosphere. Adamkovics and Boering (14) used the detection of
gas-phase products of CH4 irradiation to infer the number of
COC bonds present in particle form, but did not directly
measure aerosol properties or formation rates. Tran et al. (15,
16) used a low-pressure Hg lamp with primary emissions at 185
and 254 nm to produce films from the photodissociation of trace
species (C2H2, etc.) rather than the direct photolysis of CH4.
Here, we describe a study in which the properties of aerosols
formed from direct irradiation of CH4 with a continuum VUV
source are measured and discussed with relevance to Titan. We
will show that the properties of the photochemical aerosols
appear similar to those measured for Titan’s haze layer, and that
the rate of aerosol production is proportional to the rate of CH4
photolysis.

In addition to its attraction as a planetary subject, the organic
chemistry on Titan has captured interest as a possible analog for
the early Earth (17, 18). The atmospheric composition of the
early Earth before the rise of O2 is a subject of debate. An
atmosphere of only N2�CO2 raises concerns because it would not
produce biologically interesting organic molecules, and geologic
evidence restricts levels of CO2, indicating that it was not the sole
greenhouse gas (19). Tian et al. (20) showed that the prebiotic
atmosphere may have contained large concentrations of H2 in
combination with CO2 and CH4. After the appearance of life, the
atmospheric level of CH4 would have risen, owing to a large flux
of CH4 from methanogen populations and a long chemical
lifetime of CH4 in the anoxic environment (21, 22). An atmo-
sphere with �1,000 ppmv each of CH4 and CO2 would coun-
teract the faint young sun sufficiently to keep temperatures
above freezing and is a plausible scenario for the early Earth
after the origin of life (23). It has been suggested that if the early
Earth atmosphere contained significant amounts of CH4, then
photochemistry like that on Titan could be an important source
of organics. However, with CO2 also present in the atmosphere,
the haze photochemistry would likely be different from what is
currently observed for Titan. Attempts at modeling the effects
of an early Earth haze layer suffer because of a lack of laboratory
data for haze formation in CH4�CO2 atmospheres (22, 24). Some
workers have studied organics formed in environments including
CO, N2, and CH4, but these have either been focused on Titan
conditions (25) or have looked only at amino acid production for
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early Earth (26, 27). Previous work by our group examined
CH4�CO2 hazes using an electric discharge source (28), but a UV
energy source is needed to interpret the results for the early
Earth’s atmosphere. Here, we use the results from CH4�CO2�N2
photolysis to determine how similar the atmospheric chemistry
on the early Earth may have been to Titan’s current organic
production and to explore the possibility of an early Earth haze
layer (Fig. 1).

Results
An aerosol mass spectrometer (AMS) was the primary instru-
ment used for particle analysis, providing aerosol mass spectra
and quantification of aerosol mass. To probe the size and shape
of the aerosols, experiments were performed by alternately using
the AMS and a scanning mobility particle sizer (SMPS). A
transmission electron microscope (TEM) was used to image a
small sample of collected particles for corroboration of sizing
data from the AMS and SMPS. The techniques used are
described in Materials and Methods, and experimental conditions
are further discussed in Supporting Text, which is published as
supporting information on the PNAS web site.

Titan Simulations. Mixtures of 10, 1.6, 1, 0.1, 0.05, 0.01, 0.005,
0.002, and 0.001% CH4 in N2 were photolyzed with the UV lamp,
and aerosol products were analyzed with the AMS. Contrary to
previous results with an electric discharge (10), the chemical
composition of the photochemical aerosols did not change
appreciably with CH4 concentration. In the electric discharge,
the gas molecules, including N2, are dissociated completely, and
product formation includes ion chemistry. With the UV lamp,
however, the photolysis leads to the formation of radicals, which
go on to generate particles. Also, the UV light is not energetic
enough to dissociate N2. The difference in the chemistry initiated
with each energy source is a likely explanation for the differences
observed using the two excitation sources.

A representative particle mass spectrum obtained from UV

photolysis of a 0.1% CH4�N2 mixture is shown in Fig. 2. The
pattern observed in this spectrum is typical of long, stable
hydrocarbon chains. Major peaks are separated by intervals of
14, 13, and 12 amu, indicative of chains formed by (-CH2-),
(-CH-), and (-C-) groups, respectively. Peaks that stand out from
the pattern, such as 77 and 91 amu, are consistent with fragment
ions for benzene and toluene, respectively. These species may
serve as the building blocks for larger aromatic molecules. Even
at the low concentrations observed here, the presence of aro-
matics is of interest because these molecules are extremely
stable, can absorb in the UV and visible, and are ubiquitous
throughout the universe. Additionally, benzene is the largest
hydrocarbon species identified in Titan’s atmosphere thus far
(2, 29).

A C�H ratio was estimated from the aerosol spectrum by
assuming that the mass fragment peaks were comprised only of
carbon and hydrogen atoms. This is a logical assumption,
because the UV lamp is not energetic enough to dissociate the

Fig. 1. A hazy early Earth? It has been proposed that if the early Earth’s atmosphere contained CH4, photochemical formation of an organic haze layer may
have made the Earth’s appearance very similar to that of Saturn’s moon Titan (44). The role of CO2 in the haze formation process complicates understanding
the atmospheric chemistry on the early Earth. Image of Earth appears courtesy of NASA�JPL�Space Science Institute.

Fig. 2. Averaged mass spectrum for aerosols formed in 0.1% CH4 in N2. This
spectrum is a representative spectrum for all aerosols produced in a range of
mixtures of CH4 in N2. Data to the right of the dashed line at 50 amu are
multiplied by 5 for ease of viewing. Prominent peaks are discussed in the text.
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N2 background gas. For example, a fragment peak at m�z 53 amu
is assumed to represent a fragment with the formula C4H5,
therefore containing four carbon atoms and five hydrogen
atoms. The intensity (�g�m�3) of the fragment peak is then used
to calculate a total number of C and H atoms present at that m�z
ratio. This is repeated and summed for each fragment peak in the
spectrum from 25 to 300 amu. The C�H ratio was determined in
this way to be �0.6 for the 0.1% CH4 spectrum (Fig. 2), which
is consistent with unsaturated hydrocarbons. A table of compo-
sitional ratios from other studies of collected haze aerosols is
given in Sarker et al. (11), and the average C�H ratio was found
to be �0.75. It should be noted, however, that the experiments
listed in the table were performed with an electrical discharge
source, and thus also included N atoms. The analysis presented
in this work agrees best with Sagan et al. (30), who report a C�H
of 0.62 for particles generated with a spark discharge applied to
a 10% CH4�N2 mixture.

Although the aerosol mass spectral signature was independent
of the CH4 mixing ratio, the amount of aerosol varied with CH4
concentration. The aerosol production at different CH4 concen-
trations was calculated by integrating the aerosol mass spectra
and is shown in Fig. 3. It can be seen that the aerosol production
initially increases with added CH4, peaks near 0.02% CH4, and
then decreases with further increases in CH4. This behavior can
be qualitatively understood in terms of the optical depth of CH4
in our cell with respect to the Lyman-� wavelength (121.6 nm),
where most of the CH4 dissociation is expected to occur. When
the concentration is �0.02%, the reaction chemistry is CH4-
limited, and there is an increase in aerosol product with increas-
ing CH4. At CH4 concentrations �0.02% CH4, the reaction cell
is optically thick at Lyman-� and all these photons are absorbed
by the CH4 molecules present. In this photon-limited regime, we
expect a plateau in aerosol formation, yet there is a decrease in
aerosol production with increased CH4 concentration. The
observed decrease in aerosol production is likely due to a
decrease in the conversion of an intermediary species into
aerosol products.

Two mechanisms are proposed here to understand the aerosol
production trend from photochemistry of CH4�N2 atmospheres
within the reaction cell. The primary assumption is that the
photochemistry of CH4 leads to the production of an interme-
diate, A, which in turn generates aerosol product. Mechanism A

describes particle formation as a result of photolysis of the
intermediate. In this mechanism, increased CH4 shields the
hydrocarbon intermediate and therefore decreases the aerosol
formation rate at high CH4 abundances.

Mechanism A

CH4 � h� 3 A [1]

A � h� 3 aerosol products. [2]

Mechanism B describes particle formation from the reaction of
intermediate molecules. In this mechanism, the intermediate can
also react with CH4, producing simple saturated gaseous hydro-
carbons, thus reducing the formation of aerosol products.

Mechanism B

CH4 � h� 3 A [1]

A � A3 aerosol products [3]

A � CH43 nonaerosol products. [4]

These mechanisms have been used to develop equations to fit the
data, and the fits are shown alongside the AMS data in Fig. 3.
The models and their derivation are given in Supporting Text.

Either mechanism may be used to explain the trend observed
in the AMS data, and we are unable to determine which one
provides a more accurate model for the reaction chamber.
However, both mechanisms demonstrate the same basic pro-
cesses: (i) aerosol generation depends on initial CH4 photolysis,
and (ii) the formation and reaction of intermediate species is an
integral step in aerosol production.

In addition to aerosol mass, we have examined the physical
properties of the particles to determine how well they represent
the features of Titan hazes. Aerosol size distributions were
measured with the AMS and SMPS to provide particle diameter
and information on morphology. The AMS measures particle
size in terms of a vacuum aerodynamic diameter (Dva), which is
related to particle shape and density, and the SMPS measures a
mobility diameter (Dm), which is related to aerosol shape. The
representative size distributions from both instruments are
shown for 0.1% CH4 in Fig. 4a. The average Dva observed is 36.5
� 3.4 nm, and the average Dm is 46.3 � 3.5 nm. Other workers
have shown that an effective particle density, �eff, for spherical
particles can be found by relating these two diameters:

�eff � �0

Dva

Dm
� �m�S, [5]

where �0 is the unit density (1 g�cm�3), �m is the material density
of the particle, and S is the Jayne shape factor (28, 31–33). Eq.
5 shows that the �eff is proportional to the material density but
also depends on S, which is equal to one for spherical particles,
but is less than one for nonspherical aerosols (34). Using this
analysis, the �eff of the particles was determined to be �0.79 �
0.09 g�cm�3. This density is similar to the material density of 0.8
g�cm�3, which is typical for materials composed of large hydro-
carbon molecules, suggesting the particles are spherical (31). For
spherical particles, the geometric diameter is equal to Dm (31),
and therefore the laboratory aerosols should be �50 nm in
diameter.

The aerosols produced from the 0.1% CH4�N2 gas mixture
were also collected for imaging in the TEM, as shown in Fig. 4b.
The TEM image shows geometric size and shape, and thus
provides a complementary analysis to the in situ size distribu-
tions. Fig. 4b shows the particles to be approximately round in
shape, an indication of sphericity. The average particle diameter

Fig. 3. Aerosol mass production trends for CH4�N2 experiments as a function
of CH4 concentration and mixing ratio. The data presented with black circles
are derived from integrating the mass spectrum at each CH4 concentration.
The red solid line shows the amount of particle mass calculated from the
photochemistry model developed from mechanism A. The black dashed line
shows the amount of particle mass calculated from the model developed from
mechanism B.
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observed in the TEM was �50 nm, in agreement with the Dm
measurement.

We believe that we are observing the monomer aerosols
because the particles measured have small diameters and appear
to be spherical in shape. In combination with the absorptive
properties of the aerosols, the size and shape are important
elements in understanding how they will behave optically in the
atmosphere. Models of Titan aerosols have determined that the
aerosols are likely fractal aggregates of small spherical mono-
mers, with the monomers having radii of �30–90 nm (35). In situ
measurements taken from the Huygens Probe show that the
monomers appear to be �50 nm in radius (36), or 100 nm in
diameter, which is within a factor of two of the size observed
here. The small particle sizes and spherical shapes observed in
the laboratory indicate that the particles formed are spherical
monomers and not fractal aggregates.

Early Earth Simulations. To investigate photochemical haze pro-
duction on the early Earth, aerosol formation was studied in
mixtures of CH4 and CO2. These experiments focused on a
simulated atmosphere in which the CH4 mixing ratio was held at
0.1%, and the CO2 mixing ratio was varied from 0 to 0.5%. These
mixing ratios are considered to be reasonable for the early Earth
after the origin of life (23). The series of mass spectra obtained
for particles generated in the early Earth simulation is shown in
Fig. 5. Fig. 5a shows the spectrum for aerosols produced with the
least amount of CO2, which closely resembles the hydrocarbon

signature observed when no CO2 is present in the gas mixture.
Some peaks that are indicative of alkane and alkene fragments
are highlighted in the spectrum at m�z values of 39, 41, 43, and
55. The pattern observed at m�z � 50 amu is characteristic of the
presence of hydrocarbon chains in the aerosol molecules. As the
C�O ratio is decreased, the intensity of these large mass peaks
diminishes. This loss indicates that the products of photochem-
istry at low C�O ratios are either molecules with lower molecular
weights or with less stable chains. The aromatic peaks at 77 and
91 amu also decrease with increasing CO2 in the starting gas
mixture, indicating that there are fewer aromatic structures in
these haze aerosols.

A peak that is continuously prominent across all experiments
is that at m�z 28 amu. The time-of-f light traces for m�z 28 show
this mass peak is a fragment of a larger molecule present in
aerosol form, likely the C2H4

� hydrocarbon fragment. For the
experiments including CO2, the m�z 28 peak may also contain
contributions from a CO� fragment, as observed in other studies
involving AMS analysis of oxygenated organics (37).

In the spectrum for particles produced with the highest CO2
mixing ratio, shown in Fig. 5e, the hydrocarbon chains provide
a small contribution to the particle signal, and new m�z peaks
appear prominent. The main peaks identified in this spectrum
are at 30 and 44 amu, which are consistent with the oxygenated
organic fragments CH2O� and COO�, respectively. Particle
signals confirm that these fragments are not gas-phase peaks.
The oxygenated fragments may arise from larger molecules

Fig. 4. Physical dimensions for aerosol analogs for Titan and early Earth. The black lines represent the particle traces from the AMS, measured for the m�z 41
fragment, as a function of Dva. The red lines represent the volume distribution measured by the SMPS, as a function of Dm. (a) Size distributions for aerosols
produced in 0.1% CH4 in N2. The average Dva is 36.5 � 3.4 nm, and the average Dm is 46.3 � 3.5 nm. (b) TEM image of particles collected from the 0.1% CH4 mixture
described in a. Magnification was set at �92,000, and particle sizes are indicated. The average particle diameter observed with the TEM was �50 nm. (c) Size
distributions for aerosols produced in 0.1% CH4�0.1% CO2 in N2 (C�O � 1). The average Dva is 34.4 � 5.5 nm, and the average Dm is 54.5 � 7.2 nm. (d) TEM image
of particles collected from the C�O � 1 mixture described in c. Magnification was set at �64,000, and particle sizes are indicated. The average particle diameter
observed with the TEM was �50 nm.
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containing COO and CO groups, such as carboxylic acids and
aldehydes, or chains with oxygen substitutions, such as ethers.
The photodissociation of CO2 leads to the release of O radicals
that may then be incorporated into hydrocarbon reactions, thus
generating the oxygenated functional groups. The amount of
oxygen incorporation in aerosols can be estimated for the lowest
C�O ratio, if it is assumed that the peaks at m�z 30 and 44 are
comprised entirely of the oxygenated fragments CH2O� and
COO�. This estimation gives an oxygen content of 12% by mass.
This value may be a lower limit on the oxygen incorporation,
because it only considers two fragment peaks. However, if the
mass peaks contain contributions from other fragments, then we
may be overestimating the amount of oxygen.

The variation of chemical composition with C�O ratio seen in
Fig. 5 shows that there is a marked increase in the abundance of
aliphatic and aromatic species as the C�O ratio increases. The
increase in stable hydrocarbon chains is also indicated by the
increase in m�z � 65 amu peaks. Additionally, as the hydrocar-
bons increase in relative abundance, the oxidized organic sig-
natures decrease. There appears to be an obvious transition in
the chemical nature of the particles near a CH4�CO2 ratio of
unity (Fig. 7, which is published as supporting information on the
PNAS web site).

All experiments and analysis were repeated for gas mixtures of
1% CH4 in N2 with varying CO2, at the same C�O ratios.
Although not presented here, the results are qualitatively equiv-
alent to those shown for the lower CH4 concentration. This
finding suggests that the chemical composition of the photo-
chemical haze aerosols depends more on the C�O ratio than on
the absolute concentrations of CH4 and CO2.

In addition to observing changes in the particle composition,
the AMS is also used to determine the aerosol mass production
as a function of C�O ratio, shown in Fig. 6. Although the mass
changes only slightly when the C�O ratio �1, there was an

increase in particle production observed when the CH4 and CO2
concentrations were approximately equal. This is an unexpected
result, because aerosols were not predicted to form below a C�O
ratio of 1 (38), and previous experiments with an electric
discharge reported a decrease in aerosol production with added
CO2 (28). According to chemical schemes presented in the
literature, as CH4 and CO2 are photolyzed, they are dissociated
into the molecular and radical species H2, CO, CH2, CH, H, and
O (12, 39). For aerosol production, only reactive pathways that
lead to condensed phase products are of interest. Condensable
products can only be formed if some hydrogen is removed from
the system, either by forming H2 or other gas-phase products.
Otherwise, the dissociation products may recombine to CH4 or
other saturated low-molecular-weight hydrocarbons, such as
C2H6. These hydrocarbons remain in the gas phase and thus do
not contribute to aerosol formation. When O atoms are released
from CO2 photolysis, these can react with the H, thereby
preventing it from recombination to form CH4. In this way, the
presence of a certain amount of CO2 may favor particle growth,
as displayed in Fig. 6. At a C�O ratio of 1, the release of one
oxygen atom from CO2 photolysis is at the correct stoichiometric
ratio to combine with two H atoms from CH4 photolysis and
form H2O. This would encourage the polymerization of -CH2-
groups and consequently lead to a maximum in aerosol forma-
tion. However, when the C�O ratio is dropped, there is more O
available to terminate the hydrocarbon molecules and inhibit
long-chain growth. Thus, having too much CO2 will ultimately
terminate aerosol formation, as seen at a C�O of 0.6.

Aerosol production at C�O ratios near 1 may also be enhanced
because of the inclusion of oxygen in the aerosol chemical
composition. Organic molecules with terminal oxygen groups,
such as aldehydes and carboxylic acids, have lower vapor pres-
sures than chains that contain the same number of carbons but
no oxygen. Thus, as the chemical composition of the haze
aerosols shifts to contain oxygenated functional groups, the
lower vapor pressure of the reaction products may lead to a
higher rate of condensation into aerosol mass. This vapor
pressure effect may help explain the peak in aerosol production
observed at a C�O ratio of 1, where there appears to be a signal
for oxidized organics. At very low C�O ratios, however, the

Fig. 5. Averaged mass spectra for standard early Earth simulations. Gas
mixtures are composed of 0.1% CH4 and 0.02% CO2, C�O � 3 (a), 0.05% CO2,
C�O � 1.5 (b), 0.1% CO2, C�O � 1 (c), 0.11% CO2, C�O � 0.95 (d), and 0.5% CO2,
C�O � 0.6 (e). Data to the right of the dashed line at 50 amu are multiplied by
10 for ease of viewing. The spectrum for 0.1% CH4 with no CO2 added was
shown in Fig. 2.

Fig. 6. Total aerosol mass produced as a function of the C�O ratio of the
starting gas mixture. For all points CH4 is at 0.1%. The filled circles are data
derived from integrating the AMS mass spectra. The horizontal line shows the
mass production from the CH4-only experiments. Error bars are represented by
the standard deviation of all experiments performed. The data at a C�O ratio
of 1 show an average enhancement factor of � � 1.5 for aerosol production
in the experiments with C�O � 1 as compared with the CH4-only experiments.
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oxidation appears to inhibit the formation of condensable
aerosol material.

Simulated early Earth aerosols were also examined for particle
size and morphology, using the methods described earlier. The
representative size distributions from both sizing instruments are
shown for a C�O ratio of 1 in Fig. 4c, and appear close in
diameter, indicating that the particles may be somewhat spher-
ical in shape (31). Particle size did not appear to vary much with
starting gas mixture. For C�O ratios from 3 to 0.95, the average
Dva is 34.4 � 5.5 nm, and the average Dm is 54.5 � 7.2 nm. An
estimated value for �eff was determined to be �0.64 � 0.13
g�cm�3. A TEM image for aerosols collected from the 0.1%
CH4�0.1% CO2 experiment is shown in Fig. 4d. In this image, it
can be seen that the particles are approximately round in shape
and have an average diameter �50 nm.

This �eff is low compared with the material density values for
various oxygenated organic species similar to the structures
suggested by the mass spectra. These densities range from 0.8
g�cm�3 for acids and aldehydes to 1.5 g�cm�3 for aromatic and
polycarboxylic acids (40). The low �eff could indicate either that
the aerosols have irregular shapes or that they are spherical with
internal voids (31). However, the TEM image suggests that the
particles may be nearly spherical, despite the low �eff calculated
from the measurements. Thus, the aerosols might contain in-
ternal voids that lower the �eff, although these are not visible in
the image. The geometric particle diameter observed in the TEM
image is similar to the Dm, and this is also an indication that the
particles are approximately spherical.

Implications for Early Earth
The particle size results presented above may have implications
for the climate of early Earth. The early climate is often
compared with that on present-day Titan. The sunlight on Titan
is much dimmer than on the current Earth, partly because of its
distance from the Sun but also because of the haze layer. The
light is diffuse, due to scattering by the haze, and the color of the
sky is orange (36). As on Titan, the light available to the early
Earth’s surface would be strongly influenced by attenuation of
the haze layer. This is related to the optical properties of the haze
material, but also the size and shape of the aerosols. Pavlov et al.
(22) found in their model that particle size was critical in
determining the UV shielding of a haze layer. Using the
approximate particle radius of 0.025 �m from this study, the
model would predict a haze layer that is optically thick in the UV
region but relatively thin in the visible, therefore making it
climatically feasible to have a UV shield. Pavlov et al. also
showed that for particles �0.2 �m in diameter, a significant UV
shield would correspond with significant loss of visible sunlight,
which is undesirable because it would cool the Earth’s surface.
Previous experiments forming early Earth aerosols using a
discharge source readily formed fractal aggregates with diame-
ters �0.10 �m (28), which would be expected to show different
optical properties compared with the spherical monomers (41).
These fractal aggregates are consistent with microphysical mod-
els for Titan (42). Thus, the UV shielding of a photochemically
produced haze layer on early Earth would depend strongly on
whether the particles observed eventually form fractal aggre-
gates in the atmosphere.

The climatic effect would also depend on the particle mass
produced. The results from the CH4�CO2�N2 experiments can
be used to infer a possible haze production rate on the early
Earth. At the high altitudes where atmospheric CH4 photolysis
is expected, the CH4 partial pressure would be low enough that
the environment is CH4-limited with respect to Lyman-� pho-
tons. Thus, the aerosol production trends shown in Fig. 3 for the
CH4-limited case ([CH4] � 0.02%) should be similar to that on
Titan or the early Earth. Two chemical reaction mechanisms
have been used to fit the data in Fig. 3, and both show that

aerosol mass production is directly proportional to CH4 con-
centration in the CH4-limited region (see Supporting Text). In the
equation derived from Mechanism A,

C 	 I0
2 nc, [6]

where C is the aerosol concentration (�g�cm�3), I0 is the light
intensity at Lyman-� (photons�s�1), and nc is the CH4 concen-
tration (molecules�cm�3). In the equation derived from Mech-
anism B,

C 	 I0 nc [7]

in the CH4-limited regime.
Using the relationships derived from experimental results, the

observed production rate of aerosols on Titan can be used to
suggest a possible haze formation rate on the early Earth. A
simple proportionality is used to estimate possible photochem-
ical haze formation on the early Earth based on the correlations
discussed above:

FEE � � �FT�� I0EE

I0T
� m

�� �cEE

�cT
� , [8]

where FEE and FT are the aerosol f luxes (g�cm�2�s�1) on early
Earth (EE) and Titan (T); m is an exponent equal to either 2
(Mechanism A) or 1 (Mechanism B); I0 is the solar flux on early
Earth and Titan; and �c is the atmospheric mixing ratio of CH4
on early Earth and Titan. The values of FT, I0, and �c for each
planet, along with results of the calculation, FEE, are given in
Table 1. The experimental data displayed in Fig. 6 show that
when the CH4 and CO2 are approximately equal, there is �1.5
times as much aerosol formation as in a CH4-only atmosphere.
To account for this, an average enhancement factor of � � 1.5
has been used in the equation to estimate aerosol formation for
the early Earth.

The above calculation yields a range of possible aerosol
production rates from 4 � 10�13 to 8 � 10�11 g�cm�2�s�1, if the
atmospheric CH4 concentration is �1,000 ppmv. This is a
plausible scenario for the postbiotic Earth (23), when methano-
genic bacteria were likely present (21). Most of the uncertainty
comes from the different dependence on I0 in Mechanisms A and
B. This range of production rates correlates to a terrestrial global
aerosol production of 1 � 1013 to 3 � 1015 g�year�1. This
calculated aerosol production rate is in reasonable agreement
with Pavlov et al.’s (22) photochemical model estimate of �4 �
1013 g of C per year. This rate is also comparable with the carbon
burial rate in the Archean, which is estimated to have been
approximately the same as the current carbon burial rate of 5 �
1013 g of C per year (43). Thus, the analysis in this work suggests

Table 1. Haze production on Titan and the early Earth

Titan
Early Earth

(postbiotic estimation)

I0, Solar flux at Lyman-�,
photons�cm�2�s�1

6.2 � 109* 1.4 � 1012†

Xc 0.016‡ 0.001§

F, Aerosol production flux,
g�cm�2�s�1

1.2 � 10�14¶ 8 � 10�11 (Mechanism A)
4 � 10�13 (Mechanism B)

Aerosol production,
g�year�1

8 � 1010¶ 3 � 1015 (Mechanism A)
1 � 1013 (Mechanism B)

*Current solar flux at 9.5 AU.
†Current solar flux at 1 AU � 2.5 to account for stronger EUV emissions in the
Archean (20, 52).

‡From Flasar et al. (3).
§From Pavlov et al. (23).
¶From Toon et al. (53).
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that, on the postbiotic Earth, haze formation may substantially
impact the temperature and habitability of the planet (22, 24,
44), the cycling of organic material within the biosphere (28),
and the geologic record (45, 46).

The value for the CH4 concentration on the prebiotic Earth is
not certain, because the magnitude of abiotic CH4 production
from possible sources such as mid-Atlantic ridges (47) is un-
known. However, it is possible that the abiotic sources may have
supported a mixing ratio of CH4 up to 1 � 10�4 (48). With this
amount of CH4 in the atmosphere, the CO2 mixing ratio on an
unfrozen early Earth is expected to be at least 3 � 10�4 (23). The
results presented in Fig. 6 show that, at a CH4�CO2 ratio of 0.33
(a C�O ratio of 0.67), there would still be haze production. As
discussed in Tian et al. (20), previous estimates for the delivery
of organic material to the prebiotic Earth rely on synthesis in
hydrothermal vents or exogenous delivery from interstellar dust
particles. These sources have been estimated to be on the order
of 2 � 1011 g of C per year. Using Eq. 8, organic production was
estimated for a CH4 mixing ratio on the prebiotic Earth of �1 �
10�4 and a C�O ratio of at least 0.6. Fig. 6 shows that a C�O ratio
of 0.6 has a � factor of 0.1, as compared with CH4-only
production. This yields an organic production of 1011 to 1013

g�year�1, which is comparable with or greater than other esti-
mated sources. Although the C�O ratio may have been �0.6 in
the prebiotic environment, it has been suggested that there could
still be organic haze due to increased H2 (20). Thus, atmospheric
haze chemistry could have the potential to deliver more organic
material to the early Earth than has been estimated for hydro-
thermal vents or exogenous delivery. Atmospheric CH4�CO2
photolysis could therefore have proved a very efficient process
for the delivery of large amounts of organics to the Earth’s
surface both before and after the emergence of life. This
production may have allowed life to flourish globally, and not
just in localized environments as currently favored in some
theories for the origin of life.

Materials and Methods
Photochemical hazes were studied in a flow system to avoid wall
effects or secondary reactions that can arise in a static system,
as discussed by Thompson et al. (49). Gas mixture production,
aerosol generation, and particle analysis techniques have been
described in detail (10, 28). Experiments were performed with
concentrations of CH4 and CO2 in N2 from 0.001 to 10%. The
reaction cell was held at 600 Torr and room temperature. The
critical new element of the particle generation system is the use

of a UV light source to drive photochemistry of CH4 and CO2
within the chamber. A water-cooled deuterium lamp with MgF2
windows (Hamamatsu, Bridgewater, NJ, L1835) was inserted
directly into the reaction cell. The lamp is a continuum light
source emitting from 115 to 400 nm, with maximum output
between 115 and 165 nm. The primary wavelength for CH4
photolysis is expected at the Lyman-� line at 121.6 nm, with a
cutoff around 145 nm. The deuterium lamp has a peak near 121
nm, and the emission spectrum overlaps well with the CH4
absorption spectrum. Thus, it is an appropriate source to initiate
CH4 photolysis. Details on the UV lamp characterization are
given in Supporting Text.

Several analytical methods were used in this study to probe the
chemical and physical properties of the organic aerosols. The
AMS, developed and built by Aerodyne Research (Billerica,
MA; ref. 34), obtains quantitative data without exposing aero-
sols to laboratory air, providing averaged mass spectra of the
bulk nonrefractory aerosol. Instrument design, modes of oper-
ation, and data analysis techniques are described by Allan et al.
(50), Jimenez et al. (51), and Jayne et al. (34). Use of this
instrument in previous studies of this nature can be found in
Trainer et al. (10, 28). In this study, the vaporization temperature
was 600°C, and the electron energy was 70 eV.

The SMPS measures the size distribution of aerosol popula-
tions and was used in conjunction with the AMS to gather
information regarding the size distribution of the haze aerosols
produced in our experiments. Use of the SMPS has been
described (28).

The TEM was used to image collected haze aerosols to
observe their size and morphology. The aerosols were collected
by placing carbon-coated TEM grids on top of a filter that was
installed in-line with the aerosol f low. The particles were col-
lected for �8 h and then imaged on a Phillips CM10 (FEI,
Hillsboro, OR) scope.
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